The frequent, though generally unrecognized, occurrence of damage to telencephalic white matter during the perinatal period prompted the present characterization of the pathological changes as well as a consideration of associated clinical and necropsy findings. Symmetrical astrocytosis or acutely damaged glial cells found predominantly in regions undergoing myelination suggest that the latter is associated with enhanced vulnerability. Although a single aetiological factor could not be identified in the clinical and necropsy data of the infants in this study, it may well be that the changes in developing white matter are non-specific morphological responses to a variety of noxious stimuli. The available data indicate an increasing deficit in brain weight with increasing survival age and the speculation is tendered that infants may survive the neonatal period with varying degrees of permanent symmetrical deficit of telencephalic white matter.
The frequent, though generally unrecognized, occurrence of damage to telencephalic white matter during the perinatal period prompted the present characterization of the pathological changes as well as a consideration of associated clinical and necropsy findings. Symmetrical astrocytosis or acutely damaged glial cells found predominantly in regions undergoing myelination suggest that the latter is associated with enhanced vulnerability. Although a single aetiological factor could not be identified in the clinical and necropsy data of the infants in this study, it may well be that the changes in developing white matter are non-specific morphological responses to a variety of noxious stimuli. The available data indicate an increasing deficit in brain weight with increasing survival age and the speculation is tendered that infants may survive the neonatal period with varying degrees of permanent symmetrical deficit of telencephalic white matter.
MATERIAL AND METHODS
The material consisted of 271 brains, ranging in age from six gestational months to the end of the third postnatal month, collected consecutively over a three year period, 1965 to 1967 inclusively. Sixty-six brains were set aside because of the presence of the following conditions: malformation or genetic abnormality, intracranial tumour, subdural haematoma, meningitis, hypoglycaemia embolic encephalopathy, phenylketonuria, rubella, hyperbilirubinaemia, and massive matrix haemorrhage with rupture into the telencephalon. Nine brains could not be utilized for technical reasons. The remaining 196 brains were obtained from patients dying from a variety of non-neurological diseases and constitute the basis of this report. Brains were fixed in one of three fixatives: 4% formaldehyde in physiological saline, phosphate buffered 4% formaldehyde, or 4% formaldehyde to which 2% calcium acetate and 2-5% sucrose had been added. The morphological abnormalities in these brains were not fixative dependent as adjacent blocks from both normal and abnormal brains fixed in each solution were comparable. All brains were cut in a standard fashion related to certain landmarks at the base of the brain. Representative blocks were processed and embedded in paraffin. Previous experience indicated that celloidin embedded material was not satisfactory for identifying glial abnormalities in unmyelinated or myelinating white matter. Sections were cut at 10 , and were stained with one or several standard stains or methods, including haematoxylin and eosin, phosphotungstic acid haematoxylin, Bodian for axons, Luxol Fast Blue, Solochrome Cyanin R, cresyl violet, Von Kossa, Gomori for iron, Millon's for protein, periodic acid Schiff, Gomori trichrome, and Holzer.
The following morphological criteria of damage in myelinating white matter were utilized:
HYPERTROPHIC ASTROCYTES Cells with pale vesicular nuclei and eosinophilic irregular hyaline cytoplasm (Figs. la and b) are not found in normal human myelinating telencephalic white matter (Mickel and Gilles, 1968) . With appropriate stains they have the configuration of astrocytes (Fig. 2) and are associated with a delicate fibrillary gliosis. Although the cytoplasm of these cells is less voluminous than that of the usual hypertrophic astrocyte in mature brain, there are sufficient morphological similarities to consider them small hypertrophic astrocytes. They are identical with the small hypertrophic astrocytes found adjacent to puncture wounds of human neonatal telencephalic white matter. For descriptive purposes these are called hypertrophic astrocytes. Furthermore, white matter considered to be undamaged-that is, without these cells-does not contain the delicate fibrillary gliosis.
ACUTELY DAMAGED GLIAL CELLS A second abnormality of the glial cell population was encountered. In standard histological screening stains, normal glial cells in human unmyelinated white matter have an unstainable cytoplasm, with either a large pale vesicular nucleus or a small dark nucleus (Fig. 3) . In contradistinction, glial cells were considered abnormal when they contained pyknotic, irregular, hyperchromic, or karyorrhectic nuclei and globular amphophilic or darkly eosinophilic hyaline or faintly granular cytoplasm (Fig. 4) Pleomorphic microgliacytes (Gilles and Murphy, 1968) or sudanophilic material diffusely scattered within unmyelinated white matter (Rydberg, 1930; Alpers and Haymaker, 1934; Mickel and Gilles, 1968) Focal or widespread telencephalic white matter astrocytosis of variable intensity was found in 72 cases. Twenty-one of these brains also contained acutely damaged glial cells. Although the usual location of hypertrophic astrocytes was deep frontal or parieto-occipital white matter, they were frequently found in the corpus callosum as well as in gyral white matter cores. They were conspicuously absent in well-myelinated regions. In no instance were they found in the white matter of extreme anterior temporal pole, one of the last regions of telencephalic white matter to myelinate (middle half of the first postnatal year). The other common locus of these cells was in white matter cores of symmetrical cerebellar folia (24/72). In these folia, preservation of neurones in the internal and external granule cell layers, the Purkinje cell layer, and in the roof nuclei was particularly prominent.
The bilateral symmetry of the white matter astrocytosis, whether in the cerebrum, cerebellum, gyral white matter cores, or in corpus callosum, was especially notable. This symmetry was present even when the lesions were relatively restricted or focal.
Hypertrophic astrocytes were found in deep white matter of 10 infants whose death occurred within 24 hours of birth and in an additional 12 infants who died in the first three days of life. Although it is possible that hypertrophic astrocytes may develop more rapidly in the immature brain than in the adult brain, it appears more likely that the insult to developing white matter occurred before the time of birth in these particular cases.
One-third of brains with diffuse hypertrophic astrocytosis contained focal necroses study. In 6 % they represented the only abnormality, while in 12 % they were associated with diffuse telencephalic white matter damage. They were similar in every respect to those previously described (Schwartz, 1961; Banker and Larroche, 1962) , although in the present series the topographic distribution of these lesions was more widespread. Their distribution was far too variable in deep paraventricular or superficial white matter or in gyral white matter cores (for example, inferior frontal convolution) to implicate any specific vascular bed or border zone. It is of importance that focal necroses have the same general distribution as the glial changes mentioned above and were never found in anterior temporal white matter. Elsewhere we have found focal necroses in association with a wide variety of perinatal conditions: prematurity, difficult labour, neonatal meningitis, rubella, posterior fossa haematoma, herpes simplex, kernicterus, phenylketonuria, cystic fibrosis, hyaline membrane disease, congenital heart disease, intraventricular haemorrhage, ganglionic eminence haemorrhage, erythroblastosis foetalis without kernicterus, agranulocytosis, and sagittal sinus thrombosis.
PARENCHYMAL GLOBULES The small numbers of parenchymal globules (Fig. 7) frequently encountered in the white matter of abnormal brains were similar to the perivascular globules commonly found in the corpus striatum in this age group. However, this study was concerned only with those globules found in telencephalic white matter. These globules were amphophilic or basophilic, frequently pericapillary (Fig. 7) (16-3 days) , acutely damaged glial cells (16 days) , or focal necroses (17-2 days) were essentially the same. However, the mean survival age of infants whose brains contained white matter perivascular globules was somewhat longer (23-7 days). The mean gestational ages of infants grouped according to each of these four pathological abnormalities were similar (37 5 to 38-2 weeks).
Infants whose white matter contained any of the four pathological abnormalities singly or in combination were grouped collectively and compared with the controls. The control and abnormal groups did not differ significantly in the numbers of infants weighing less than 5 lb. 8 oz. (2-5 kg) (40 % and 43 % respectively), or in mean gestational age (37 9 and 37*4 weeks), or in mean survival age (26 and 24 days).
History of significant perinatal difficulty was present slightly more often in the abnormal group, 20 % vs. 14 %. Included in this category were maternal diabetes, toxaemia, precipitous delivery, multiple pregnancy, Caesarean section, prolonged labour, premature separation of placenta, and foetal distress.
Congenital heart disease or pulmonary disease accounted for the demise of 84 of the 104 abnormal infants and 63 of the 92 control infants. These differences are barely statistically significant (P < 0 05). The remaining patients died from a variety of other perinatal conditions which appeared in comparable numbers in the two groups or which occurred in such small numbers that no significant comparison could be made.
Congenital heart disease alone appeared in a higher proportion (56/104) of the patients with leucoencephalopathy than in the normal group (37/92). However, this is not a highly significant difference (P < 0 05 (10) 2450 (7) 48-1 (9) 313 (8) 5-4 (8) 101 (9) 15 (10) 044 (7) Abnormal 38-8 (10) 2540 (11) 2510 (9) 46-0 (11) 299 (9) 3 4 (8) 82-2 (10) 12-6 (10) (Yakovlev and LeCours, 1967) . The role of hypoxia, per se, in the pathogenesis of these morphological changes in white matter, or in the pathogenesis of many lesions in perinatal brain for that matter, is exceedingly difficult to assess. All too frequently the lesions in brains from individuals who had had difficult perinatal periods have been inferred to be 'anoxic' in origin. While it is obvious that neither neonates nor adults can live indefinitely in the absence of oxygen, the neonates of many mammalian species do have a much greater capability of surviving anoxia than adults of the same species (Boyle, 1670; Himwich, Bernstein, Herrlich, Chesler, and Fazekas, 1941-42; Hicks, 1953) and vigorous human neonates with high Apgar scores may have negligible arterial oxygen saturations (James, Weisbrot, Prince, Holaday, and Apgar, 1958) . Moreover, it is not logically necessary to infer that lesions in perinatal brain are ipso facto anoxic in origin, especially when these lesions lie in arterial or venous beds or in typical border zones (Norman, Urich, and McMenemey, 1957) . Furthermore, it has been suggested that neonatal oxygen saturations (Apgar, Girdany, McIntosh, and Taylor, 1955; Graham, Caldwell, Ernhart, Pennoyer, and Hartmann, 1957) and asphyxia neonatorum (Campbell, Cheeseman, and Kilpatrick, 1950) (James and Rowe, 1957) . As a result of a combination of these factors the newborn may have little reserve between an adequate and a critical cerebral perfusion. The logical speculation is that mild failures of white matter perfusion may fall short of producing frank border zone necroses but may still inadequately supply essential metabolites or remove metabolic by-products. On the other hand, experimental primate neonatal asphyxia, with severe bradycardia, is associated with a constellation of restricted symmetrical focal necroses of brain-stem nuclei (Ranck and Windle, 1959) which were not present in any of the cases included in this study.
The decrease in rate of growth of the foetus at the end of gestation is thought to be related to relative inadequacy in the maternal-foetal supply line (Gruenwald, 1963) . Those infants whose leucoencephalopathy was apparent in the first few days of life might indeed be reflecting some unknown maternal nutritional deficit, an unrecognized placental abnormality, or some inability of the foetus itself to transport adequate supplies of appropriate myelin precursors to brain. While there was no excess thymic involution to suggest frank foetal distress in the newborn group, it may be that myelinating brain is more sensitive than thymus to such a relative lack of appropriate metabolites. Certainly after birth, when the neonate was no longer supported maternally, significant deficits in brain, thymus, and liver weight appeared quickly. The relationships between the weight deficits of the three organs is not at all clear. They could reflect loss of a common metabolite necessary for adequate development of all three organs or one organ could be dependent upon adequate function of the others.
The morphological changes in developing white matter could well be due to a generalized insult to foetus or neonate. One such non-specific insult could be an inadequate nutritional supply. Nutritionally deprived neonatal rats (Dobbing and Widdowson, 1965) and pigs (Dickerson, Dobbing, and McCance, 1966) , as well as humans malnourished during growth (Brown, 1965) (Friede, 1966) . Furthermore, the rapid growth exhibited by mammalian brains at the time of myelination may be largely accounted for by the great bulk of material transported to and incorporated into the developing nervous system during this period. A wide variety of stresses or deficits may potentially interfere with the supply of exogenous precursors, the sources of energy needed for myelinating white matter, or directly with the endogenous intracellular events finally leading to the formation of the myelin sheath (Davison and Dobbing, 1966) . Thus, it is logical to expect myelinating white matter to be moie vulnerable to certain types of insult than white matter in which myelination is complete. However, little emphasis has been placed on morphological evidence of damage in human myelinating telencephalic white matter, with the exception of certain focal necroses (Schwartz, 1961; Banker and Larroche, 1962 The data of this study-namely, the presentation of evidence of cellular reaction to white matter insult-strongly support the contention that developing telencephalic white matter is vulnerable to insult. The implication of the glial cells involved in the process of myelination as the vulnerable element is largely on topographical and logical grounds. Thus human telencephalon should be regarded as highly vulnerable to insult during myelination and this period in development should be added to those already recognized as critical in the growth and differentiation of the nervous system-namely, the phases of induction, migration, and neuronal differentiation.
SUMMARY
Evidence of damage within symmetrical regions of human telencephalic white matter is frequently encountered in perinatal necropsies. A single aetiological factor has not been identified for this group of infants, although cyanosis or nutritional deficiency may contribute to its development. The
